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1 RI  
Modeling of light transmission under heterogeneous 1 
forest canopy: an appraisal of the effect of the precision  
level of crown description  
  
1XPEHU RI FKDUDFWHUV 1  
1XPEHU RI WDEOHV   
1XPEHU RI ILJXUHV   
  
.H\ZRUGV /LJKW PRGHOLQJ )RUHVW 0L[HG VWDQG 8QHYHQDJHG VWDQG &DQRS\  
GHVFULSWLRQ 0XOWLVFDOH 
10 'DYLG 'D 6LOYD  	  3KLOLSSH %DODQGLHU  	  )UpGpULF %RXGRQ  	  $QGUp 0DUTXLHU  	  &KULVWRSKH *RGLQ
+DQGOLQJ (GLWRU  (UZLQ 'UH\HU  ' 'D 6LOYD       'HSDUWPHQW RI 3ODQW 6FLHQFHV 8QLYHUVLW\ RI &DOLIRUQLD 'DYLV   +XQW +DOO 2QH 6KLHOGV $YHQXH  'DYLV &$ 1 86$  HPDLO GRGDVLOYD#XFGDYLVHGX  3 %DODQGLHU  5HVHDUFK 8QLW RQ )RUHVW (FRV\VWHPV &HPDJUHI  0 1RJHQWVXU9HUQLVVRQ )UDQFH  ) %RXGRQ  &,5$' 9LUWXDO 3ODQWV ,15,$ 7HDP 805 $*$3  7$ $100 $YHQXH $JURSROLV  0RQWSHOOLHU &HGH[   )UDQFH  3 %DODQGLHU    $ 0DUTXLHU  805  ,15$  ±  8QLYHUVLWp % 3DVFDO 3,$) ,15$  6LWH GH &URXHO   $YHQXH GX %Up]HW  0 &OHUPRQW)HUUDQG &HGH[  )UDQFH  & *RGLQ  ,15,$ 9LUWXDO 3ODQWV ,15,$ 7HDP 805 $*$3  7$ $100 $YHQXH $JURSROLV  0RQWSHOOLHU &HGH[   )UDQFH 
 RI  
Abstract 11 
• &RQWH[W /LJKW DYDLODELOLW\ LQ IRUHVW XQGHUVWRUH\ LV HVVHQWLDO IRU PDQ\ 1 
SURFHVVHV LW LV WKHUHIRUH D YDOXDEOH LQIRUPDWLRQ UHJDUGLQJ IRUHVW 1 
PDQDJHPHQW +RZHYHU LWV HVWLPDWLRQ LV RIWHQ GLIILFXOW DQG GLUHFW 1 
PHDVXUHPHQWV DUH WHGLRXV 0RGHOV FDQ EH XVHG WR FRPSXWH XQGHUVWRUH\ 1 
OLJKW EXW WKH\ RIWHQ UHTXLUH D ORW RI ILHOG GDWD WR DFFXUDWHO\ SUHGLFW OLJKW 1 
GLVWULEXWLRQ SDUWLFXODUO\ LQ WKH FDVH RI KHWHURJHQHRXV FDQRSLHV  1 
•  $LPV 7KH LQIOXHQFH RI WKH SUHFLVLRQ OHYHO RI FURZQ GHVFULSWLRQ ZDV 1 
VWXGLHG ZLWK D PRGHO 06/,0 WKDW FDQ EH XVHG ZLWK ERWK GHWDLOHG DQG 1 
FRDUVH SDUDPHWUL]DWLRQ ZLWK WKH DLP RI UHGXFLQJ WR D PLQLPXP ILHOG GDWD 0 
UHTXLUHPHQWV 1 
•  0HWKRGV :H DQDO\]HG WKH GHWHULRUDWLRQ RI WKH SUHGLFWLRQ TXDOLW\ RI OLJKW  
GLVWULEXWLRQ WR WKH UHGXFWLRQ RI LQSXWV E\ FRPSDULQJ VLPXODWLRQV WR  
WUDQVPLWWHG OLJKW PHDVXUHPHQWV LQ IRUHVWV RI LQFUHDVLQJ FRPSOH[LW\ LQ WKUHH  
GLIIHUHQW ORFDWLRQV  
• 5HVXOWV :LWK D IXOO VHW RI SDUDPHWHUV WR GHVFULEH WKH WUHH FURZQ LH FURZQ  
H[WHQVLRQ LQ DW OHDVW  GLUHFWLRQV FURZQ KHLJKW DQG OHQJWK WKH PRGHO  
DFFXUDWHO\ VLPXODWHG WKH OLJKW GLVWULEXWLRQ 6LPSOLI\LQJ FURZQ GHVFULSWLRQ  
E\ D JHRPHWULF VKDSH ZLWK D PHDQ UDGLXV RI FURZQ H[WHQVLRQ OHG WR  
GHWHULRUDWHG EXW DFFHSWDEOH OLJKW GLVWULEXWLRQV $OORPHWULF UHODWLRQVKLSV 0 
XVHG WR FDOFXODWH FURZQ H[WHQVLRQ IURP WUXQN '%+ VHULRXVO\ UHGXFHG OLJKW 1 
 RI  
GLVWULEXWLRQ DFFXUDF\  
  
Introduction  
/LJKW LQ IRUHVW XQGHUVWRUH\ LV D IXQGDPHQWDO UHVRXUFH GULYLQJ PDQ\ SURFHVVHV  
UHODWHG IRU H[DPSOH WR UHJHQHUDWLRQ JURZWK YHJHWDWLRQ FRYHU DQG FRPSRVLWLRQ  
DQG DQLPDO KDELWDW %DODQGLHU et al. 00 /LJKW TXDOLW\ LV IXQGDPHQWDO IRU  
PRUSKRJHQHWLF SURFHVVHV ZKHUHDV OLJKW TXDQWLW\ GULYHV SURFHVVHV OLQNHG WR FDUERQ  
DFTXLVLWLRQ ,Q WKLV DUWLFOH RQO\ OLJKW TXDQWLW\ LV FRQVLGHUHG   
)RU D ORQJ WLPH OLJKW LQ IRUHVW KDV RQO\ EHHQ FRQVLGHUHG DV D IDFWRU FRQWUROOLQJ WUHH 0 
JURZWK HVSHFLDOO\ LQ WKH FDVH RI UHJXODU HYHQDJHG VWDQGV LQ WKH WHPSHUDWH DUHD ,Q 1 
WKDW FRQWH[W WUHH GHQVLW\ KDV EHHQ PDQDJHG WR JHW D YHU\ GDUN XQGHUVWRUH\ ZLWK  
RIWHQ D EDUH VRLO VLJQ WKDW WUHHV DEVRUEHG WKH PD[LPXP RI UDGLDWLRQV 3HUULQ  
1 1RZDGD\V D VLOYLFXOWXUH FORVHU WR QDWXUH DOVR QDPHG FRQWLQXRXV FRYHU  
IRUHVWU\ ZLWK QDWXUDO UHJHQHUDWLRQ LV SURPRWHG RU UHGLVFRYHUHG +DOH 00  
,UUHJXODU XQHYHQDJHG VWDQGV RIWHQ ZLWK PL[HG VSHFLHV DUH PDQDJHG ZLWK SDUWLDO  
FXWWLQJ WR FUHDWH JDSV LQ WKH IRUHVW FDQRS\ 7KHVH JDSV IDYRU VRPH SDWFK RI OLJKW  
HVVHQWLDO WR WUHH UHJHQHUDWLRQ EXW DOVR SURPRWH WKH GHYHORSPHQW RI XQGHUVWRUH\  
YHJHWDWLRQ WKDW FDQ FRPSHWH ZLWK \RXQJ WUHHV DQG FRPSURPLVH IRUHVW G\QDPLF  
%DODQGLHU et al. 00 8QGHU WKHVH FRQGLWLRQV LQ RUGHU WR VXVWDLQ \RXQJ WUHH 0 
JURZWK ZKLOH DYRLGLQJ WRR GHQVH XQGHUVWRUH\ YHJHWDWLRQ LW LV HVVHQWLDO WR 1 
SURSRUWLRQ OLJKW E\ WKH VL]H RI WKH JDSV *DXGLR et al. 011   
 RI  
  
+RZHYHU HVWLPDWLQJ OLJKW TXDQWLW\ LQ IRUHVW XQGHUVWRUH\ LV QRW VR HDV\ /LHIIHUV et  
al. 1 2Q RQH KDQG YLVXDO DVVHVVPHQW DUH VWURQJO\ ELDVHG E\ WKH  
PHWHRURORJLFDO FRQGLWLRQV WKH KRXU RI WKH GD\ DQG WKH RSHUDWRU KLPVHOI 2Q WKH  
RWKHU KDQG GLUHFW PHDVXUHPHQWV E\ VHQVRUV DUH RIWHQ WHGLRXV H[SHQVLYH UHTXLUH  
WHFKQLFDO FRPSHWHQFHV DQG WKHLU UHVXOWV DOVR GHSHQG RQ WKH PHWHRURORJLFDO  
FRQGLWLRQV DQG WKH VRODU SDWKZD\ RQ WKH GD\ RI PHDVXUHPHQW 3XNNDOD et al.  
1  0 
 1 
6LQFH WKH SLRQHHU ZRUN RI 0RQVL DQG 6DHNL 1 PDQ\ PRGHOV VLPXODWLQJ OLJKW  
LQWHUFHSWLRQ DQG WUDQVPLVVLRQ E\ SODQW FDQRSLHV KDYH EHHQ GHYHORSHG VHH 0\QHQL  
et al., 1 DQG 6LOORQ DQG 3XHFK 1 IRU UHYLHZV DQG RIIHU DQ RSHUDWLYH  
DOWHUQDWLYH 7KH\ DUH EDVHG RQ HLWKHU VWDWLVWLFDO UHODWLRQVKLSV EHWZHHQ YHJHWDWLRQ  
FKDUDFWHULVWLFV VXFK DV FRYHU OHDI DUHD RU OHDI DUHD LQGH[ /$, DQG OLJKW  
WUDQVPLVVLRQ RU H[SOLFLW GHVFULSWLRQ RI WKH FDQRS\ WRSRORJ\ DQG JHRPHWU\ DV  
HOHPHQWV LQWHUFHSWLQJ OLJKW :KHQ IRUHVW FDQRS\ LV KRPRJHQHRXV LH HYHQDJHG  
SXUH UHJXODU VWDQGV VWDWLVWLFDO PRGHOV SUHGLFW PHDQ OLJKW TXDQWLW\ LQ IRUHVW  
XQGHUVWRUH\ ZLWK DQ DFFHSWDEOH DFFXUDF\ %DODQGLHU et al. 00E +DOH et al. 00  0 
6RQRKDW et al. 00 +RZHYHU SUHGLFWLRQ TXDOLW\ RI WKDW W\SH RI PRGHOV GHFUHDVHV 1 
GUDVWLFDOO\ ZLWK WKH LQFUHDVH LQ KHWHURJHQHLW\ RI WKH VWDQG VWUXFWXUH %DODQGLHU et  
al. 010 ,Q SDUWLFXODU LQ LUUHJXODU XQHYHQ VWDQGV D VWDWLVWLFDO PHDQ KDV QR VHQVH  
EHFDXVH LW GRHV QRW UHYHDO WKH OLJKW GLVWULEXWLRQ EHWZHHQ XQGHUVWRUH\ DQG JDSV  
 RI  
ZKLFK LV RI PRVW LQWHUHVW IRU WKH IRUHVWHU :LWK WKDW LQIRUPDWLRQ ORFDO OLJKW  
DYDLODELOLW\ WR IDYRU WUHH UHJHQHUDWLRQ SODQW ELRGLYHUVLW\ RU DQLPDO KDELWDW IRU  
H[DPSOH FDQ EH HVWLPDWHG %DODQGLHU et al. 00D  
  
,Q WKDW FDVH FRPSOH[ PRGHOV ZLWK DQ H[SOLFLW 'GHVFULSWLRQ RI HOHPHQWV  
LQWHUFHSWLQJ OLJKW JLYH PRUH DFFXUDWH UHVXOWV 7KH DSSURDFK RI WKHVH PRGHOV 0 
XVXDOO\  LQYROYH WKH XVH RI QXPHURXV WUDFLQJ VXQ UD\V FRPLQJ IURP GLIIHUHQW 1 
SRLQWV LQ WKH VN\ WR D SDUWLFXODU SRLQW ZLWKLQ WKH VWDQG DQG FRPSXWH WUDQVPLVVLRQ  
DORQJ WKRVH UD\V WDNLQJ LQWR DFFRXQW IROLDJH FKDUDFWHULVWLFV WKXV JHQHUDWLQJ D  
GHWDLOHG 'PDS RI OLJKW DYDLODELOLW\ LQ WKH XQGHUVWRUH\ &HVFDWWL 1 %UXQQHU  
1 6WDGW DQG /LHIIHUV 000 &RXUEHDX et al. 00 0DULVFDO et al. 00   
+RZHYHU WKHVH PRGHOV UHTXLUH DEXQGDQW ILHOG PHDVXUHPHQWV WR SDUDPHWUL]H WKHP  
7KHVH PHDVXUHPHQWV OLNH D PDS RI WUHH ORFDWLRQ RQ WKH VLWH WKH 'JHRPHWU\ RI  
HDFK WUHH FURZQ ZLWK LQIRUPDWLRQ RQ OHDI DUHD GHQVLW\ GLVWULEXWLRQ DQG FOXPSLQJ  
LQVLGH WKH FURZQ DUH WHGLRXV DQG RIWHQ GLIILFXOW WR REWDLQ 0RUHRYHU IRU  
PDQDJHPHQW SXUSRVH D GHWDLOHG 'PDS RI OLJKW DYDLODELOLW\ LQ WKH XQGHUVWRUH\ LV 0 
QRW DOZD\V UHTXLUHG )RU WKH IRUHVW PDQDJHU DQ KLVWRJUDP RI OLJKW WUDQVPLWWDQFH DW 1 
WKH SORW OHYHO LH SHUFHQWDJH RI VRLO SHU FODVV RI WUDQVPLWWHG OLJKW ZLWKRXW  
NQRZLQJ WKH VSDWLDO GLVWULEXWLRQ RI WKH OLJKW WUDQVPLWDQFH FDQ EH VXIILFLHQW    
)URP D VFLHQWLILF SRLQW RI YLHZ WKHUH LV D QHHG WR LGHQWLI\ WKH NH\ HOHPHQWV RI  
SODQW DUFKLWHFWXUH WKDW DUH QHFHVVDU\ WR FRQVLGHU WR FRUUHFWO\ SUHGLFWV GLIIHUHQW  
SURFHVVHV LQFOXGLQJ OLJKW WUDQVPLVVLRQ DW GLIIHUHQW VFDOHV ,QGHHG VLPSOLILFDWLRQV  
 RI  
ZKLFK DUH XQDFFHSWDEOH DW D GHWDLOHG OHYHO RI UHSUHVHQWDWLRQ FDQ EHFRPH  
DFFHSWDEOH DW D PRUH LQWHJUDWHG OHYHO 7DUGLHX 010 +RZHYHU WKH GLIILFXOW\ LV WR  
GHILQH ZKDW WKH NH\ HOHPHQWV DUH DQG WKH HPHUJLQJ SURSHUWLHV OLQNHG WR WKHP  
UHODWHG WR VXFK RU VXFK D VFDOH RI GHVFULSWLRQ 100 
 101 
0VOLP LV D PRGHO HVSHFLDOO\ GHVLJQHG WR EULGJH WKH JDS EHWZHHQ WKH VWDWLVWLFDO 10 
DQG H[SOLFLW DSSURDFK ,W FDQ EH VHHQ DV D PXOWLVFDOH PL[HG PRGHO LQ WKH VHQVH 10 
WKDW WKH OLJKW LQWHUFHSWLRQ HVWLPDWLRQ PHWKRG FDQ EH FKDQJHG DW HDFK VFDOH 'D 10 
6LOYD et al. 00 )XUWKHUPRUH 0VOLP ZDV GHVLJQHG WR WR ZRUN ZLWK DQ\ W\SH RI 10 
HQYHORSH HQFRPSDVVLQJ WKH YHJHWDWLRQ IRU ZKLFK OLJKW DWWHQXDWLRQ LV WR EH 10 
FRPSXWHG WKXV DOORZLQJ SUHFLVH GHVFULSWLRQ RI FRPSOH[ FDQRS\ DQG FURZQ 10 
VKDSHV 7KLV IHDWXUH DOORZHG WR RYHUFRPH WKH UHVWULFWLRQ WR DQDO\WLFDOO\ GHILQHG 10 
HQYHORSH XVHG LQ RWKHU PRGHOV 1RUPDQ DQG :HOOHV 1 &HVFDWWL 1 10 
$OWKRXJK LW ZDV LQLWLDOO\ GHGLFDWHG WR VWXG\ OLJKW LQWHUFHSWLRQ E\ LVRODWHG WUHHV LWV 110 
YHUVDWLOH GHVLJQ DQG PXOWLVFDOH DSSURDFK PDGH LWV DGDSWDWLRQ WR XVH DW FDQRS\ 111 
VFDOH HDV\ 7KHUHIRUH ZH ZHUH DEOH WR XVH LW WR DQDO\VH KRZ WKH GHWHULRUDWLRQ RI WKH 11 
FDQRS\ GHVFULSWLRQ LQIOXHQFHV WKH DFFXUDF\ RI WKH OLJKW KLVWRJUDP VLPXODWHG DW WKH 11 
SORW OHYHO 2XU REMHFWLYH ZDV WR VSHFLI\ WKH PLQLPXP ILHOG GDWD QHHGHG E\ WKH 11 
PRGHO WR EH DEOH WR DFFXUDWHO\ VLPXODWH WKH OLJKW GLVWULEXWLRQ 2XU H[SHULPHQWDO 11 
GHVLJQ ZDV DV IROORZ 1 FRPSDUH WKH VLPXODWHG OLJKW GLVWULEXWLRQ XVLQJ WKH PRUH 11 
GHWDLOHG GHVFULSWLRQ RI WKH FDQRS\ ZLWK PHDVXUHG GDWD RQ WKH ILHOG  DQDO\]H WKH 11 
VWDWLVWLFDO GLVWDQFH EHWZHHQ KLVWRJUDPV VLPXODWHG IRU GHFUHDVLQJ OHYHOV RI 11 
 RI  
GHVFULSWLRQ DQG PHDVXUHG GDWD  11 
 10 
Material and Method 11 
1. Forest sites and plots 1 
7KUHH IRUHVW VLWHV ORFDWHG LQ )UDQFH ZLWK D WRWDO RI  SORWV ZHUH XVHG ZLWK 1 
LQFUHDVLQJ FDQRS\ VWUXFWXUH FRPSOH[LW\  PRQRVSHFLILF HYHQDJHG VWDQGV PDGH 1 
XS IURP Pinus sylvestris / RU Pinus nigra $UQROG  PL[HG Quercus petraea /  1 
Pinus sylvestris / XQHYHQDJHG VWDQGV DQG 1 PL[HG Abies alba ± Pinus sylvestris 1 
± Fagus sylvatica / XQHYHQDJHG VWDQGV 7DE1 1 
7KH 6FRWV SLQH VWDQGV DUH ORFDWHG LQ WKH &KDvQH GHV 3X\V D PLGHOHYDWLRQ YROFDQLF 1 
PRXQWDLQ UDQJH DW D SODFH QDPHG )RQWIUH\GH 7DE 1 7KH HOHYDWLRQ LV 00 P 1 
DVO PHDQ DQQXDO UDLQIDOO LV DERXW 0 PP DQG PHDQ DQQXDO WHPSHUDWXUH LV 10 
DERXW & 7KH VRLO LV D YROFDQLF EURZQ VRLO DW S+ 0 ZLWK QR PLQHUDO GHILFLHQF\ 11 
7KH SLQHV ZHUH 0 WR 0\HDUROG DW WLPH RI PHDVXUHPHQW ZLWK D GHQVLW\ UDQJLQJ 1 
IURP 00 WR 00 VWHP KD1 7DE 1 7KH\ DUH PDLQO\ UHJXODU HYHQDJHG VWDQGV 1 
6RPH RWKHU VSHFLHV FDQ EH ORFDOO\ SUHVHQW VXFK DV Betula pendula 1 
7KH PL[HG RDN ± SLQH VWDQGV DUH ORFDWHG LQ WKH 1DWLRQDO IRUHVW RI 2UOHDQV LQ WKH 1 
VXESDUW QDPHG /RUULV 7KH\ DUH W\SLFDO VWDQGV RI WHPSHUDWH SODLQ IRUHVW ZLWK D 1 
PLOG FOLPDWH PHDQ DQQXDO UDLQIDOO 0 PP PHDQ DQQXDO WHPSHUDWXUH 10& 1 
DQG DFLGLF VDQG\ SRRU VRLOV WHPSRUDULO\ IORRGHG LQ ZLQWHU RU VSULQJ 7KH\ DUH 1 
LUUHJXODU XQHYHQDJHG VWDQGV 0HGLDQ '%+ DUH DERXW 1 FP ZKHUHDV VRPH 1 
LQGLYLGXDOV LQ SDUWLFXODU RI 6FRWV SLQH FDQ UHDFK 0 FP 6RPH RWKHU VSHFLHV DUH 10 
 RI  
ORFDOO\ SUHVHQW VXFK DV Betula VS Carpinus betulus Sorbus torminalis Malus 11 
sylvestris RU Pyrus communis. 1 
7KH WKLUG VLWH LV ORFDWHG LQ WKH 6RXWK(DVW RI )UDQFH LQ WKH PRXQWDLQRXV DUHD 1 
QDPHG 0RQW 9HQWRX[ 2QH SORW 9HQWRX[& RQ WKH VRXWKHUQ VLGH RI WKH 1 
PRXQWDLQ 1100 P DVO LV DQ ROG HYHQDJHG Pinus nigra SODQWDWLRQ DOPRVW 1 
UHJXODU ZLWK VRPH SLQH DQG EHHFK VHHGOLQJV RQ D IODW DUHD 7KH VHFRQG SORW 1 
9HQWRX[ RQ WKH QRUWKHUQ VLGH RI WKH PRXQWDLQ 100 P DVO LV D PL[HG 1 
LUUHJXODU VWDQG ZLWK DGYDQFHG UHJHQHUDWLRQ RI Abies alba DQG Fagus sylvatica ZLWK 1 
VRPH WDOOHU VDSOLQJV DOPRVW UHDFKLQJ WKH RSHQ RYHUVWRUH\ RI ROG SODQWHG Pinus 1 
sylvestris DQG VRPH RWKHU VFDWWHUHG VSHFLHV Sorbus aria, Acer opalus …). 7KH 10 
FOLPDWH LV PRXQWDLQRXV ZLWK 0HGLWHUUDQHDQ LQIOXHQFHV PHDQ DQQXDO WHPSHUDWXUH 11 
LV & DQG & DQG PHDQ DQQXDO UDLQIDOO LV 100 PP DQG 10 PP IRU 1 
9HQWRX[& DQG 9HQWRX[ UHVSHFWLYHO\ 7KH VRLOV DUH D FDOFRVRO 9HQWRX[& 1 
DQG D FROOXYLDO UHQGRVRO 9HQWRX[ 0 FP DQG 0 FP GHHS LQ DYHUDJH 1 
UHVSHFWLYHO\ ZLWK D KLJK VWRQH FRQWHQW 0 DQG  UHVS ERWK ZLWK D VLOW\ FOD\ 1 
WH[WXUH RQ D ILVVXUHG OLPHVWRQH 7KH PHGLDQ '%+V DSSUR[LPDWH  DQG 1 FP 1 
IRU WKH ILUVW DQG WKH VHFRQG SORW UHVSHFWLYHO\ ZLWK VRPH WUHHV UHDFKLQJ 0 FP 1 
 1 
2. Canopy structure measurements 1 
$OO WUHHV LQ D VTXDUH DUHD WKH H[SHULPHQWDO XQLW )LJ1D RI VL]H DSSUR[LPDWHO\ 10 
WKUHH WLPHV WKH KHLJKW RI GRPLQDQW WUHHV ZHUH LGHQWLILHG VSHFLHV ORFDWHG E\ WKHLU 11 
[ \ FRRUGLQDWHV DQG PHDVXUHG IRU WKHLU WRWDO KHLJKW DQG 'LDPHWHU DW %UHDVW +HLJKW 1 
 RI  
'%+ 7RS DQG ERWWRP FURZQ KHLJKWV ZHUH DOVR PHDVXUHG /DWHUDO FURZQ H[WHQWV 1 
ZDV DVVHVVHG E\ YLVXDOO\ SURMHFWLQJ WR WKH VRLO LWV FKDUDFWHULVWLF SRLQWV LH WKH 1 
SRLQWV WKDW EHWWHU GHVFULEH WKH FURZQ LUUHJXODULWLHV LQ DW OHDVW IRXU GLUHFWLRQV EXW 1 
VRPHWLPHV ZLWK PRUH WKDQ  GLUHFWLRQV ZKHQ QHFHVVDU\ 7KH D]LPXWK DQG GLVWDQFH 1 
RI WKRVH SRLQWV IURP WUXQN ZHUH WKHQ PHDVXUHG )LJ1E DQG F 1 
 1 
3. Light measurements 1 
7KH OLJKW PHDVXUHPHQWV ZHUH FRQGXFWHG LQ WKH FHQWUDO ]RQH RI WKH H[SHULPHQWDO 10 
XQLW 7KH VXUURXQGLQJ ]RQH ZKHUH GHQGURPHWULF PHDVXUHV ZHUH GRQH DFWV DV D 11 
EXIIHU ]RQH DFFRXQWLQJ IRU WKH DWWHQXDWLRQ RI WKH HQFRPSDVVLQJ IRUHVW )LJ1D 1 
7KH OLJKW PHDVXUHPHQWV ZHUH DFKLHYHG XVLQJ D VTXDUH JULG FRPSRVHG RI  3$5 1 
VHQVRUV QDPHO\ Solems PAR/CBE 80 VHQVRUV (DFK VHQVRU ZDV VHSDUDWHG IURP LWV 1 
QHLJKERXU LQ ERWK GLUHFWLRQ E\  WR P GHSHQGLQJ RQ WKH FRQVLGHUHG SORW LH 1 
GHSHQGLQJ RQ WKH PHDQ VL]H RI WKH WUHHV 7KLV GLVWDQFH ZDV VHW E\ SUHYLRXV 1 
FRPSXWDWLRQ EDVHG RQ JHRVWDWLVWLFV GDWD QRW VKRZQ DQG VR WKDW WZR FRQWLJXRXV 1 
PHDVXUHPHQWV SRLQWV FDQ EH FRQVLGHUHG DV LQGHSHQGHQW /LJKW PHDVXUHPHQWV 1 
ZHUH GRQH IRU HDFK SORW GXULQJ K GXULQJ VXPPHU WR WDNH WKH IXOO VXQ FRXUVH LQWR 1 
DFFRXQW 2QH DGGLWLRQDO 3$5 VHQVRU Sunshine sensor BF2 ZDV SRVLWLRQHG 10 
RXWVLGH RI WKH H[SHULPHQWDO XQLW LQ IXOO OLJKW WR PHDVXUH JOREDO WRWDO DQG GLIIXVH 11 
LQFLGHQW UDGLDWLRQ 7KLV H[WUD VHQVRU XVHV DQ DUUD\ RI SKRWRGLRGHV ZLWK D 1 
FRPSXWHUJHQHUDWHG VKDGLQJ SDWWHUQ WR PHDVXUH LQFLGHQW VRODU UDGLDWLRQ DQG WKH 1 
'* UDWLR LH  WKH GLIIXVH WR JOREDO UDGLDWLRQ UDWLR 7UDQVPLWWDQFH IRU HDFK SRLQW LQ 1 
10 RI  
WKH XQGHUVWRUH\ LV WKHQ FRPSXWHG DV WKH UDWLR RI OLJKW PHDVXUHG LQ WKH XQGHUVWRUH\ 1 
GLYLGHG E\ WKH LQFLGHQW YDOXH 7KH '* UDWLR LV WDNHQ LQWR DFFRXQW IRU VLPXODWLQJ 1 
WKH WUDQVPLWWDQFH ZLWK WKH PRGHO 1 
 1 
4. Model description 1 
(VWLPDWLRQ RI OLJKW WUDQVPLVVLRQ LV D SURFHVV WKDW UHTXLUHV ILUVW WKH VWDQG 10 
UHFRQVWUXFWLRQ 7KHQ WKH OLJKW DWWHQXDWLRQ ZLWKLQ HDFK FURZQ PXVW EH GHILQHG VR 11 
WKDW WKH OLJKW PRGHO FDQ FRPSXWH WKH WUDQVPLWWDQFH XQGHU WKH HQWLUH FDQRS\  1 
 &DQRS\ UHFRQVWUXFWLRQ 1 
)URP WKH GHQGURPHWULF PHDVXUHPHQWV RQ WKH ILHOG D PRFNXS RI WKH VWDQG LV 1 
JHQHUDWHG 7KLV JHQHUDWLRQ LQYROYHV WKH FRQVWUXFWLRQ RI D FURZQ DQG WUXQN IRU 1 
HDFK WUHH RI WKH VWDQG DQG LWV SRVLWLRQLQJ 7R UHFRQVWUXFW WKH ' HQYHORSHV RI WKH 1 
WUHHV IURP WKH ILHOG PHDVXUHPHQWV ZH XVHG WKH 3ODQW*/ OLEUDU\ 3UDGDO et al. 1 
00 7KLV OLEUDU\ FRQWDLQV VHYHUDO JHRPHWULF PRGHOV LQFOXGLQJ GLIIHUHQW W\SHV RI 1 
HQYHORSHV DQG DOJRULWKPV WR UHFRQVWUXFW WKH JHRPHWU\ RI SODQWV DW GLIIHUHQW VFDOHV 1 
,Q WKLV ZRUN ZH XVHG WKH skinned surface ZKLFK LV D JHQHUDOL]DWLRQ RI VXUIDFH RI 00 
UHYROXWLRQ ZLWK YDU\LQJ SURILOHV EHLQJ LQWHUSRODWHG 7KH HQYHORSH RI D VNLQQHG 01 
KXOO LV D FORVHG VNLQQHG VXUIDFH ZKLFK LQWHUSRODWHV D VHW RI SURILOHV ^3N N   0 0 
.` SRVLWLRQHG DW DQJOH ^N  N   0     .` DURXQG WKH ] D[LV ZKHUH . LV WKH 0 
QXPEHU RI SURILOHV XVHG WR JHQHUDWH WKH VNLQQHG VXUIDFH  7KLV VXUIDFH LV WKXV EXLOW 0 
IURP DQ\ QXPEHU RI SURILOHV ZLWK DVVRFLDWHG GLUHFWLRQ ,Q VXFK FDVH D SURILOH LV 0 
VXSSRVHG WR SDVV WKURXJK FRPPRQ WRS DQG ERWWRP SRLQWV DQG DW DQ LQWHUPHGLDWH 0 
11 RI  
SRLQW RI PD[LPXP UDGLXV LH WKH KHLJKW RI WKH FURZQ PD[LPXP ZLGWK 7ZR 0 
VKDSH IDFWRUV &7 DQG &% ZHUH XVHG WR GHVFULEH WKH VKDSH RI WKH SURILOHV DERYH 0 
DQG EHORZ WKH PD[LPXP ZLGWK 0DWKHPDWLFDOO\ WZR TXDUWHUV RI VXSHUHOOLSVH RI 0 
GHJUHH &7 DQG &% ZHUH XVHG WR GHILQH WKH WRS DQG ERWWRP SDUW RI WKH SURILOHV VHH 10 
'D 6LOYD et al. 00 IRU GHWDLOV 1RWH WKDW RXU HQYHORSHV FDQ EH YLHZHG DV 11 
H[WHQVLRQ RI &HVFDWWL 1
V DV\PPHWULF KXOO ZLWK SURILOHV LQ DQ\ GLUHFWLRQ 1 
LQVWHDG RI WKH UHVWULFWHG FDUGLQDO GLUHFWLRQV )OH[LELOLW\ RI RXU PRGHO HQDEOHG XV WR 1 
PHDVXUH WKH PRVW DGHTXDWH SURILOHV LQ FDVH RI LUUHJXODU FURZQV 7KH ' HQYHORSH 1 
RI D WUHH ZDV WKXV REWDLQHG XVLQJ D VNLQQHG VXUIDFH JHQHUDWHG IURP  SURILOHV 1 
GHILQHG IURP DQ DQJOH D PD[LPXP ZLGWK DQG LWV DVVRFLDWHG KHLJKW DQG WZR VKDSHV 1 
IDFWRUV 7KH WUXQN RI WKH WUHH ZDV UHSUHVHQWHG DV D F\OLQGHU RI '%+ GLDPHWHU WKH 1 
KHLJKW RI WKH F\OLQGHU EHLQJ VHW WR WKH FURZQ ERWWRP KHLJKW 7KH ' UHSUHVHQWDWLRQ 1 
RI DQ H[SHULPHQWDO XQLW LV SUHVHQWHG LQ )LJ 1 
 (VWLPDWLRQ RI OLJKW WUDQVPLVVLRQ 0 
7KH OLJKW WUDQVPLVVLRQ XQGHU VXFK UHFRQVWUXFWHG VWDQG ZDV FRPSXWHG XVLQJ WKH 1 
PXOWLVFDOH OLJKW LQWHUFHSWLRQ PRGHO 06/,0 SUHVHQWHG LQ 'D 6LOYD et al.  
00 )RU HDFK GLUHFWLRQ RI LQFRPLQJ OLJKW D VHW RI EHDPV ZDV FDVW DQG WKH  
DWWHQXDWLRQ RI HDFK EHDP WKURXJK WKH FDQRS\ ZDV HVWLPDWHG ,Q WKH SUHVHQW VWXG\  
WKH PRGHO ZDV D VLPSOH WZRVFDOH PRGHO ZKHUH WKH SRURXV HQYHORSHV RI FURZQV  
FRQVWLWXWHG WKH ILQHVW VFDOH DQG WKH VWDQG WKH FRDUVHU VFDOH ,Q UHSODFHPHQW RI WKH  
GHOLFDWH HVWLPDWLRQ RI OHDI DUHD GHQVLW\ /$' D JOREDO RSDFLW\ YDOXH SJO ZDV  
DVVRFLDWHG ZLWK HDFK HQYHORSH RI WKH UHFRQVWUXFWHG VWDQG WKH WUXQNV ZHUH  
1 RI  
FRQVLGHUHG RSDTXH RUJDQV WKXV WKHLU RSDFLW\ ZDV 1 &URZQV JOREDO RSDFLW\ ZHUH  
HVWLPDWHG IURP ILHOG SKRWRJUDSKV VKRRWLQJ YHUWLFDOO\ GLIIHUHQW SDUWV RI WKH FURZQ 0 
(DFK LPDJH ZDV GLJLWL]HG VHJPHQWHG WR EODFN DQG ZKLWH DQG WKHQ WKH SL[HOV ZHUH 1 
FRXQWHG XVLQJ PiafPhotem VRIWZDUH $GDP et al. 00 7KH UDWLR RI EODFN SL[HOV  
WR WKH WRWDO QXPEHU RI SL[HOV \LHOGHG WKH RSDFLW\ RI WKH FURZQ ZKLOH WKH UDWLR RI  
ZKLWH SL[HOV WR WKH WRWDO QXPEHU RI SL[HOV SURGXFHG WKH FURZQ SRURVLW\ KHQFH  
SRURVLW\   1  RSDFLW\ +RZHYHU WKH RSDFLW\ RI HDFK LQGLYLGXDO FURZQ ZDV QRW  
GLUHFWO\ HVWLPDWHG XVLQJ WKLV PHWKRG EHFDXVH WKH VHJPHQWDWLRQ SURFHGXUH VWLOO  
UHTXLUHG KXPDQ LQWHUYHQWLRQ ,QVWHDG D JOREDO RSDFLW\ YDOXH SHU VSHFLHV ZDV  
HVWLPDWHG RYHU D VDPSOH RI SLFWXUHV 7DE1 06/,0 DOORZHG WKHQ WR FRPSXWH  
WKH OLJKW WUDQVPLVVLRQ RI WKH FDQRS\ E\ FRQVLGHULQJ WKH OLJKW DWWHQXDWLRQ RI HDFK  
EHDP 7KH OLJKW DWWHQXDWLRQ IRU RQH EHDP LV FRPSXWHG DFFRUGLQJ WR WKH RSDFLWLHV 0 
RI WKH FURZQV HQFRXQWHUHG DORQJ LWV WUDMHFWRU\ DQG DFFRUGLQJ WR WKH SDWK OHQJWK 1 
ZLWKLQ HDFK RI WKHVH FURZQV 7KH SRURVLW\ H[SUHVVLRQ WKDW WDNHV WKH EHDP  
WUDYHOOLQJ GLVWDQFH LQWR DFFRXQW LV UHODWHG WR G &KHQ DQG %ODFN 1 5RVV 11  
6WHQEHUJ 00 WKH H[WLQFWLRQ FRHIILFLHQW WKDW GHSHQGV RQ OLJKW GLUHFWLRQ DQG OHDI  
LQFOLQDWLRQ GLVWULEXWLRQ DQG LAD WKH OHDI DUHD GHQVLW\ ,W FDQ EH H[SUHVVHG DV   
p1
 bB
1H[SG.LAD.lb   1 
ZKHUH B LV WKH VHW RI EHDPV b  LV LWV FDUGLQDOLW\ DQG lb LV WKH SDWK OHQJWK RI WKH  
EHDP LQWR WKH FURZQ 7R WDNH WKLV GLVWDQFH LQWR DFFRXQW ZH WKXV QHHG WR  
GHWHUPLQH WKH TXDQWLW\ G.LAD   
1 RI  
7KH JOREDO RSDFLW\ YDOXH FDQ EH UHJDUGHG DV WKH UHVXOW RI RSDFLW\ HVWLPDWLRQ XVLQJ  
%HHU/DPEHUW ODZ LQ D LQILQLWH KRUL]RQWDOO\ KRPRJHQHRXV OD\HU 0 
H[S1 LAIGp gl −−=   
7KLV UHODWLRQ \LHOGV DQ H[SUHVVLRQ IRU G.LAI ZKHUH LAI LV WKH OHDI DUHD LQGH[ ,Q 1 
WKH FDVH RI FURZQV ZLWK D ILQLWH YROXPH V WKH XVXDO GHILQLWLRQ RI LAI FDQ EH  
H[WHQGHG WR EH H[SUHVVHG DV D IXQFWLRQ RI WKH WRWDO OHDI DUHD TLA DQG WKH  
SURMHFWHG HQYHORSH DUHD PEA 6LQRTXHW et al. 00   
 PEA
TLALAI =   
DQG VLQFH LAD LV WKH UDWLR RI WRWDO OHDI DUHD WR FURZQ YROXPH  
 V
TLALAD =   





1ORJ −−==   
8VLQJ WKLV G.LAD YDOXH ZLWK HTXDWLRQ 1 QDWXUDOO\ OHDGV WR D VPDOOHU HQYHORSH  
RSDFLW\ YDOXH WKDQ SJO 7KLV LV GXH WR WKH IDFW WKDW WKH QHJDWLYH H[SRQHQWLDO RI D  
PHDQ YDOXH LV OHVV WKDQ WKH PHDQ RI QHJDWLYH H[SRQHQWLDO YDOXHV 7KHUHIRUH D  
QXPHULFDO DSSUR[LPDWLRQ ZDV FDUULHG RXW XVLQJ WKH YDOXH IURP HTXDWLRQ  DV WKH 0 
VWDUWLQJ YDOXH WR VSHHGXS FRQYHUJHQFH 7KH SURFHVV VWRSSHG ZKHQ WKH RSDFLW\ 1 
FRPSXWHG XVLQJ HTXDWLRQ 1 ZDV HTXDO WR WKH JOREDO RSDFLW\ ZLWKLQ D XVHUGHILQHG  
HUURU  7KLV G.LAD DSSUR[LPDWLRQ ZDV GRQH RQFH IRU HDFK FURZQ DQG IRU HDFK  
1 RI  
GLUHFWLRQ DQG VWRUHG IRU IXUWKHU XVDJH 7KH FURZQ RSDFLW\ IRU HDFK EHDP pb ZDV  
WKHQ FRPSXWHG XVLQJ WKH H[SUHVVLRQ  
H[S1 bb lLADGp −−=   
7KH OLJKW WUDQVPLVVLRQ RI WKH FDQRS\ DORQJ RQH GLUHFWLRQ ZDV HVWLPDWHG E\  
FRPSXWLQJ IRU HDFK EHDP LWV WRWDO RSDFLW\ UHVXOWLQJ IURP LWV WUDYHOOLQJ WKURXJK  
WKH FDQRS\ LH SRVVLEO\ JRLQJ WKURXJK PXOWLSOH FURZQV VHH 'D 6LOYD et al. 00  
IRU DOJRULWKPLF DQG FRPSXWDWLRQDO GHWDLOV ([SHULPHQWDO FRQGLWLRQV ZHUH  
VLPXODWHG E\ XVLQJ WZR VHWV RI LQFRPLQJ UDGLDWLRQ GLUHFWLRQV 7KH ILUVW VHW IRU 0 
GLIIXVH OLJKW GLVFUHWL]HG WKH VN\ KHPLVSKHUH LQ  VROLG DQJOH VHFWRUV RI HTXDO 1 
DUHD DFFRUGLQJ WR WKH 7XUWOH VN\ SURSRVHG E\ 'HQ 'XON 1 7KH GLUHFWLRQV  
XVHG ZHUH WKH FHQWUDO GLUHFWLRQ RI HDFK VROLG DQJOH VHFWRU 7KH VHFRQG VHW IRU  
GLUHFW OLJKW ZDV XVHG WR VLPXODWH WKH WUDMHFWRU\ RI WKH VXQ DQG WKH GLUHFWLRQV ZHUH  
GHSHQGDQW RI WKH ORFDWLRQ ODWLWXGH ORQJLWXGH WKH GD\ RI WKH \HDU DQG RQ WKH WLPH  
VWHS XVHG IRU WKH VXQ FRXUVH GLVFUHWL]DWLRQ DSSUR[  GLUHFWLRQV LQ WKLV ZRUN  
(DFK RI WKHVH GLUHFWLRQV ZDV DVVRFLDWHG ZLWK D ZHLJKWLQJ FRHIILFLHQWV GHULYHG IURP  
WKH 6WDQGDUG 2YHU &DVW 62& GLVWULEXWLRQ RI VN\ UDGLDQFH 0RRQ DQG 6SHQFHU  
1 7KH SRURVLW\ LV GLUHFWO\ WKH UDWLR RI WUDQVPLWWHG OLJKW WR LQFLGHQW OLJKW D  
YDOXH RI 1 PHDQV WKDW DOO OLJKW JRHV WKURXJK ZKLOH D YDOXH RI 0 PHDQV WKDW QR OLJKW 0 
JRHV WKURXJK 7KH JUH\OHYHO LPDJH FRQVWLWXWHG E\ WKH EHDP SRURVLW\ YDOXHV LV 1 
WKHUHIRUH D VKDGRZ PDS RI WKH FDQRS\ WUDQVPLWWDQFH )RU HDFK GHILQHG GLUHFWLRQ  
06/,0 ZDV XVHG WR FRPSXWH WKH RSDFLW\ YDOXHV RI WKH EHDPV DQG WR SURGXFH  
VXFK DQ LPDJH LQ D SODQH RUWKRJRQDO WR WKH OLJKW 7R HQVXUH ERWK UHVXOWV SUHFLVLRQ  
1 RI  
DQG IDVW FRPSXWDWLRQ D OLQHLF GHQVLW\ RI 10 ZDV XVHG IRU WKH EHDP VDPSOLQJ 'D  
6LOYD et al. 00 WKXV JHQHUDWLQJ 10 [ 10 SL[HOV LPDJHV  7KH LPDJHV ZHUH  
WKHQ SURMHFWHG RQ WKH JURXQG DQG URWDWHG DFFRUGLQJ WR WKH OLJKW GLUHFWLRQV D]LPXWK  
,PDJHV IURP HDFK VHW RI LQFRPLQJ UDGLDWLRQ GLUHFWLRQV ZHUH PHUJHG E\ XVLQJ WKH  
ZHLJKWLQJ FRHIILFLHQWV SURGXFLQJ WZR LQWHUPHGLDWH LPDJHV RQH IRU WKH LQWHJUDWHG  
WUDQVPLWWDQFH RI GLIIXVH OLJKW DQG RQH IRU WKH GLUHFW OLJKW )LQDOO\ WKHVH WZR 0 
LPDJHV ZHUH PHUJHG XVLQJ WKH GLIIXVH WR WRWDO UDWLR '* PHDVXUHG IURP WKH H[WUD 1 
VHQVRU LQ WKH ILHOG 7KH JUH\OHYHO YDOXHV RI SL[HOV IURP 0 EODFN WR 1 ZKLWH  
UHSUHVHQWHG WKH WUDQVPLWWDQFH FODVVHV VLPXODWHG E\ 06/,0 7KH VLPXODWHG OLJKW  
WUDQVPLWWDQFH RI WKH FHQWUDO ]RQH FRXOG WKHQ EH FRPSDUHG WR WKH ILHOG  
PHDVXUHPHQWV  
  
5. Virtual experiments  
7R DVVHVV WKH HIIHFW RI WKH GHWHULRUDWLRQ RI FDQRS\ GHVFULSWLRQ RQ WKH VLPXODWHG  
OLJKW KLVWRJUDP ZH JHQHUDWHG ILYH GLIIHUHQW W\SHV RI PRFNXSV IRU HDFK VWDQG ZLWK  
GHFUHDVLQJ DPRXQW RI LQIRUPDWLRQ RQ FDQRS\ DUFKLWHFWXUH  00 
1 7KH asymmetric PRFNXS ZKHUH all available dendrometric GDWD DUH XVHG WR 01 
JHQHUDWH DV\PPHWULF FURZQV 0 
 7KH simple mean PRFNXS ZKHUH FURZQV DUH UHSUHVHQWHG E\ VLPSOH 0 
JHRPHWULF VKDSHV FRQHV IRU SLQHV VSKHUHV RWKHUZLVH DQG ZKHUH WKH UDGLXV 0 
RI HDFK VKDSH LV WKH mean of the measured radii 0 
 7KH simple max PRFNXS ZKHUH FURZQV DUH UHSUHVHQWHG E\ VLPSOH 0 
1 RI  
JHRPHWULF VKDSHV FRQHV IRU SLQHV VSKHUHV RWKHUZLVH DQG ZKHUH WKH UDGLXV 0 
RI HDFK VKDSH LV WKH maximum of the measured radii 0 
 7KH allometric radius PRFNXS ZKHUH FURZQV DUH UHSUHVHQWHG E\ VLPSOH 0 
JHRPHWULF VKDSHV FRQHV IRU SLQHV VSKHUHV RWKHUZLVH DQG ZKHUH WKH radius 10 
RI HDFK VKDSH LV REWDLQHG IURP allometric relation with DBH 11 
 7KH allometric PRFNXS ZKHUH FURZQV DUH UHSUHVHQWHG E\ VLPSOH JHRPHWULF 1 
VKDSHV FRQHV IRU SLQHV VSKHUHV RWKHUZLVH DQG ZKHUH WKH radius RI HDFK 1 
VKDSH DQG WKH height RI FRQHV DUH REWDLQHG IURP allometric relation with 1 
DBH 1 
)RU HYHU\ W\SH RI PRFNXS WKH YDOXHV IRU WKH KHLJKW RI FURZQ EDVH DQG IRU WKH 1 
KHLJKW RI WKH FRQHV H[FHSW IRU WKH allometric W\SH DUH WKH PHDVXUHG RQHV 1 
$OORPHWULF UHODWLRQV ZHUH GHILQHG DV OLQHDU PRGHO EHWZHHQ '%+ DQG PHDQ UDGLXV 1 
DQG IRU SLQHV EHWZHHQ '%+ DQG KHLJKW 7KH UHODWLRQV REWDLQHG IURP ILHOG 1 
PHDVXUHPHQWV GDWD DUH GHVFULEHG LQ 7DE DQG )LJ VKRZV ' UHFRQVWUXFWLRQV 0 
XVLQJ WZR GLIIHUHQW W\SHV RI FURZQ VKDSHV 1 
7R FRPSOHPHQW WKH DWWHQXDWLRQ HIIHFW RI WKH EXIIHU ]RQH IRU ORZ HOHYDWLRQ  
UDGLDWLRQV LW ZDV QHFHVVDU\ WR DGG DQ DUWLILFLDO F\OLQGULFDO ZDOO VXUURXQGLQJ WKH  
]RQH RI LQWHUHVW 7KH ZDOO ZDV FHQWHUHG RQ WKH ]RQH RI LQWHUHVW ZLWK D UDGLXV RI WKH  
]RQH RI LQWHUHVW VL]H 7KH KHLJKW RI WKH ZDOO ZDV VHW WR WKH PHDQ EDVH FURZQ KHLJKW  
RI WUHHV LQ WKH ]RQH RI LQWHUHVW 7KH FRHIILFLHQW RI WUDQVPLVVLRQ RI WKH ZDOO LH  
ZDOO RSDFLW\ ZDV FDOLEUDWHG XVLQJ LQ VLOLFR VLPXODWLRQ H[SHULPHQWV ZLWK WKH VWDQGV  
RI RQH VLWH DQG WKHQ YDOLGDWHG XVLQJ WKH RWKHU VWDQGV IURP LQGHSHQGHQW VLWHV  
1 RI  
$GHTXDF\ RI WKLV PHWKRG ZLOO EH GLVFXVVHG IXUWKHU RQ  
 0 
6. Model estimation 1 
7KH PRGHO RXWSXWV ZHUH TXDOLWDWLYHO\ DQG TXDQWLWDWLYHO\ FRPSDUHG WR H[SHULPHQWDO  
GDWD 7KH TXDOLWDWLYH HVWLPDWLRQV ZHUH FDUULHG RXW E\ FRPSDULQJ WKH OLJKW  
WUDQVPLWWDQFH &XPXODWLYH 'LVWULEXWLRQ )XQFWLRQV &') WR GHWHUPLQH RYHU DQGRU  
XQGHUUHSUHVHQWHG OLJKW WUDQVPLWWDQFH FODVV 7KH TXDQWLWDWLYH HVWLPDWLRQV ZHUH  
DFKLHYHG ZLWK WKH .ROPRJRURY±6PLUQRY WHVW .6 WHVW DQG WKH DEVROXWH  
GLVFUHSDQF\ LQGH[ $' *UHJRULXV 1 3RPPHUHQLQJ 00 7KH .6 WHVW LV D  
QRQSDUDPHWULF WHVW IRU WKH HTXDOLW\ RI FRQWLQXRXV RQHGLPHQVLRQDO SUREDELOLW\  
GLVWULEXWLRQV WKDW FDQ EH XVHG WR FRPSDUH WZR VDPSOHV ,W TXDQWLILHV WKH PD[LPXP  
GLVWDQFH EHWZHHQ WKH HPSLULFDO &') RI WZR VDPSOHV 7KH QXOO GLVWULEXWLRQ RI WKLV 0 
VWDWLVWLF LV FDOFXODWHG XQGHU WKH QXOO K\SRWKHVLV WKDW WKH VDPSOHV DUH GUDZQ IURP 1 
WKH VDPH GLVWULEXWLRQ 7KH SYDOXH RI WKH .6 WHVW UHSUHVHQWV WKH  OHYHO DW ZKLFK  
WKH QXOO K\SRWKHVLV FDQ EH UHMHFWHG LH D SYDOXH ! 01 PHDQV WKDW WKH QXOO  
K\SRWKHVLV FDQQRW EH UHMHFWHG DW 10 RU ORZHU OHYHO   










ii   
ZKHUH Q LV  WKH QXPEHU RI FODVVHV si LV WKH UHODWLYH IUHTXHQF\ LQ FODVV L RI WKH ILUVW  
GLVWULEXWLRQ DQG s'i LV WKH UHODWLYH IUHTXHQF\ LQ FODVV L RI WKH VHFRQG GLVWULEXWLRQ  
$' LV GHILQHG DV WKH UHODWLYH SURSRUWLRQ WKDW QHHGV WR EH H[FKDQJHG EHWZHHQ WKH  
1 RI  
FODVVHV LI WKH ILUVW GLVWULEXWLRQ ZHUH WR EH WUDQVIRUPHG LQWR WKH VHFRQG GLVWULEXWLRQ  
&RUUHVSRQGLQJO\ 1$' LV WKH SURSRUWLRQ FRPPRQ WR ERWK GLVWULEXWLRQV D YDOXH RI 0 
$'   1 PHDQV WKDW ERWK GLVWULEXWLRQV KDYH QR FRPPRQ FODVV ZKHUHDV $'   0 1 
VLJQLILHV WKDW WKH GLVWULEXWLRQV DUH DEVROXWHO\ LGHQWLFDO 3RPPHUHQLQJ 00  
%RWK TXDQWLWDWLYH DQDO\VLV ZHUH FDUULHG RXW ZLWK OLJKW PHDVXUHPHQWV DV UHIHUHQFH  
YDOXHV DQG WKH UHVXOWV DUH VKRZQ LQ 7DE  
  
Results  
7KH FRPSDULVRQ EHWZHHQ WKH &') RI WKH PHDVXUHG OLJKW WUDQVPLWWDQFH DQG WKH  
RQHV REWDLQHG ZLWK WKH GLIIHUHQW PRFNXSV DV VKRZQ LQ )LJ ZHUH XVHG WR  
TXDOLWDWLYHO\ DVVHVV WKH TXDOLW\ RI WKH PRGHO SUHGLFWLRQ DQG WKH HIIHFW RI  
GHWHULRUDWLRQ RI FURZQ VKDSH GHVFULSWLRQ 7KH &') SURYLGHV DQ DOWHUQDWH 0 
UHSUHVHQWDWLRQ WR OLJKW WUDQVPLWWDQFH KLVWRJUDPV WKDW IDFLOLWDWHV FRPSDULVRQ 1 
EHWZHHQ GLIIHUHQW GLVWULEXWLRQV 7KH LPSRUWDQFH RI D VSHFLILF OLJKW WUDQVPLWWDQFH  
FODVV LV JLYHQ E\ WKH VORSH RI WKH &') DW WKDW SRLQW LH D QRQ UHSUHVHQWHG FODVV  
ZLOO \LHOG D QXOO VORSH DQG WKH PRUH VXEVWDQWLDO WKH FODVV WKH VWHHSHU WKH VORSH  
)LJ  7KH FODVVHV RI KLJK LPSRUWDQFH ZLOO EH WLWOHG DV PDLQ FODVVHV ZKHUHDV WKH  
FODVVHV RI ORZ VLJQLILFDQFH ZLOO EH GHVLJQDWHG DV PLQRU FODVVHV  
  
Simulation with asymmetric mockups  
7KH OLJKW PRGHO XVLQJ WKH DV\PPHWULF PRFNXSV ZDV DEOH WR VLPXODWH OLJKW  
WUDQVPLVVLRQ GLVWULEXWLRQ VLPLODU WR WKH PHDVXUHPHQW ZLWK D OHYHO RI FRQILGHQFH RI 0 
1 RI  
WKH .6 WHVW DERYH  IRU DOO VWDQGV H[FHSW )RQIUH\GH  DQG )RQIUH\GH1 1 
1 ,Q WKDW FDVH WKH PHDQ FRPSDULVRQ \LHOGHG D VWDWLVWLFDOO\ VLJQLILFDQW  
GLIIHUHQFH IRU WKH VDPH WZR VWDQGV +RZHYHU WKH $' YDOXHV ZHUH EHORZ 0 IRU  
DOO VWDQGV ZLWK D PHDQ RI 01 7DE  
,Q WKH FDVH RI )RQIUH\GH1 WKH PHDVXUHG WUDQVPLWWHG OLJKW ZHUH DOPRVW HYHQO\  
GLVWULEXWHG LQ RQO\ WZR OLJKW WUDQVPLWWDQFH FODVVHV >0@ DQG >10@ 7KH VLPXODWHG  
GLVWULEXWLRQ VKRZHG WKH VDPH WZR PDLQ FODVVHV ZLWK DQ XQEDODQFH LQ IDYRU RI WKH  
>0@ FODVV $OWKRXJK WKH SYDOXH RI WKH .6 WHVW DOORZHG WR UHMHFW WKH K\SRWKHVLV  
WKDW WKH PHDVXUHG DQG VLPXODWHG OLJKW GLVWULEXWLRQ ZHUH VLPLODU WKH $' YDOXH ZDV  
EHORZ WKH PHDQ YDOXH RI DOO VWDQGV 7KH VLPXODWHG WUDQVPLWWDQFH RI )RQIUH\GH 0 
ZHUH DOPRVW LGHQWLFDO WR WKH PHDVXUHG RQHV GHVSLWH WKH PLVVLQJ >0@ FODVV LQ WKH 1 
VLPXODWLRQ  LH VLPXODWHG &') VORSH LV QXOO WKURXJK HQWLUH >0@ FODVV 7KH EHVW  
YDOXHV IRU ERWK WKH SYDOXH DQG $' ZHUH REWDLQHG IRU WKLV VWDQG ,Q WKH FDVH RI  
)RQIUH\GH WKH GLIIHUHQFH LQ WKH VWDQGDUG GHYLDWLRQ 7DE EHWZHHQ WKH PHDVXUHG  
DQG VLPXODWHG OLJKW GLVWULEXWLRQV ZDV D JRRG LQGLFDWRU RI WKH IDFW WKDW WKH ORZHU  
DQG KLJKHU FODVVHV >1@ DQG >00@ UHVSHFWLYHO\ ZHUH QRW VLPXODWHG WR WKH  
SURILW RI WKH PHGLDQ FODVVHV >00@ DV VKRZQ E\ WKH Asymmetric &') EHLQJ  
EHORZ DQG WKHQ DERYH WKH &') RI PHDVXUHPHQWV 2Q WKH FRQWUDU\ LQ WKH FDVH RI  
)RQIUH\GH WKH Asymmetric &') VWDUWHG EHORZ DQG HQGHG DERYH WKH  
PHDVXUHPHQW RQH LQGLFDWLQJ WKDW WKH PHGLDQ FODVVHV >100@ ZHUH XQGHU 0 
VLPXODWHG WR WKH EHQHILW RI WKH >0@ FODVV WKDW GLG QRW DSSHDU LQ WKH 1 
PHDVXUHPHQWV DQG WKH >10@ RQH WKDW KDYH YHU\ ORZ VXEVWDQFH 7KH KLJKHVW $'  
0 RI  
YDOXHV ZHUH REWDLQHG IRU WKHVH WZR VWDQGV  
7KH VLPXODWHG GLVWULEXWLRQV IRU /RUULV FRUUHFWO\ UHQGHUHG ERWK WKH PDLQ DQG  
PLQRU FODVVHV ZLWK KRZHYHU D OHVV SURQRXQFHG SHDN IRU WKH >10@ FODVV  
H[SUHVVHG E\ WKH PRUH DEUXSW VORSH RI WKH PHDVXUHG &') 7KHUH ZHUH QR PLVVLQJ  
RU H[WUD FODVVHV VLPXODWHG DQG WKH $' ZDV MXVW DERYH WKH PHDQ YDOXH 6LPLODUO\ WR  
/RUULV WKH PDLQ DQG PLQRU FODVVHV RI /RUULV ZHUH FRUUHFWO\ VLPXODWHG  
ZLWKRXW DQ\ PLVVLQJ RU H[WUD FODVVHV :LWKLQ HDFK JURXS PDLQ DQG PLQRU VRPH  
FODVVHV ZHUH XQGHUUHSUHVHQWHG WR WKH EHQHILW RI WKH RYHUUHSUHVHQWHG RQHV 00 
+RZHYHU WKHVH GLVFUHSDQFLHV ZHUH VXEVLGLDU\ DV WKH YHU\ KLJK SYDOXH DQG WKH 01 
EHORZWKHPHDQ $' DWWHVW ,Q WKH FDVH RI 9HQWRX[& WKH VLPXODWHG GLVWULEXWLRQ 0 
UHSURGXFHG WKH EHOOVKDSH RI WKH PHDVXUHG RQH EXW ZLWK VOLJKWO\ KHDYLHU WDLOV GXH 0 
WR WKH WZR H[WUD FODVVHV RQ WKH VLGHV RI WKH GLVWULEXWLRQ >0@ DQG >0@ 1RWH 0 
WKDW WKH LVRODWHG >101@ PHDVXUHG FODVV ZDV QRW VLPXODWHG DV VKRZQ E\ WKH 0 
DGYHQW RI D SURSRUWLRQ GLIIHUHQFH EHWZHHQ PHDVXUHPHQWV DQG VLPXODWLRQ 0 
6LPLODUO\ WR /RUULV D KLJK SYDOXH DQG D ORZ $' ZHUH REVHUYHG GHVSLWH RI 0 
WKHVH GLIIHUHQFHV )LQDOO\ WKH VLPXODWHG GLVWULEXWLRQ IRU 9HQWRX[ ZKHUHDV 0 
FRUUHFWO\ VLPXODWLQJ WKH WZR PDLQ FODVVHV >0@ DQG >10@ DFFRXQWLQJ IRU DOPRVW 0 
0 RI WKH WUDQVPLWWDQFH GLVWULEXWLRQ LQFUHDVHG WKH XQEDODQFH EHWZHHQ WKHP LQ 10 
IDYRU RI WKH ORZHVW RQH 7KH PLQRU FODVVHV ZHUH DGHTXDWHO\ VLPXODWHG  EXW ZLWKRXW 11 
UHVSHFWLQJ WKH GLVFRQWLQXLW\ VKRZQ LQ WKH PHDVXUHPHQWV DV LQGLFDWHG E\ WKH DERYH1 
PHDQ $' 1 
 1 
1 RI  
Simulation with the simple mean mockups 1 
5HSODFLQJ WKH DV\PPHWULF E\ WKH simple mean PRFNXSV VLJQLILFDQWO\ UHGXFHG WKH 1 
SYDOXHV RI WKH .6 WHVW H[FHSW IRU )RQIUH\GH1 DQG )RQIUH\GH EXW \LHOGHG $' 1 
YDOXHV EHORZ 0 H[FHSW IRU )RQIUH\GH DQG 9HQWRX[& WKDW ZHUH VLPLODU WR WKH 1 
RQHV REWDLQHG ZLWK WKH asymmetric PRFNXSV DV VKRZQ E\ WKH VOLJKW LQFUHDVH RI WKH 1 
PHDQ $' WR 0 7KH SULQFLSDO HIIHFW RI WKLV FKDQJH RI FURZQ VKDSH RQ WKH 0 
GLVWULEXWLRQV RI OLJKW WUDQVPLWWDQFH FRPSDUHG WR WKH GLVWULEXWLRQV REWDLQHG ZLWK WKH 1 
asymmetric FURZQV ZDV WR UHGXFH WKH PRVW UHSUHVHQWHG FODVVHV WR WKH EHQHILW RI  
WKH PLQRU RQHV 7KLV ZDV FRPSDUDEOH WR WKH FUXVKLQJ HIIHFW REWDLQHG RQ D  
*DXVVLDQ IXQFWLRQ E\ LQFUHDVLQJ LWV YDULDQFH SDUDPHWHU 7KH YDULDQFH LQFUHDVH ZDV  
LQGHHG REVHUYHG IRU DOO VWDQGV EXW /RUULV DQG LQWHUHVWLQJO\ WKH WZR VDPSOH W 
WHVW LQGLFDWHG VWDWLVWLFDOO\ VLJQLILFDQW GLIIHUHQFHV IRU )RQIUH\GH 9HQWRX[& DQG  
/RUULV 7KLV HIIHFW DFWXDOO\ EHQHILWHG )RQIUH\GH1 )RQIUH\GH DQG /RUULV  
VLPXODWLRQ UHVXOWV 7KH SYDOXH LQFUHDVHG DQG $' GHFUHDVHG VLJQLILFDQWO\ IRU  
)RQIUH\GH1 DQG )RQIUH\GH ZKHUHDV  IRU /RUULV ERWK YDOXHV GHFUHDVHG  
 0 
Simulation with the simple max mockups 1 
7KH simple max DSSURDFK \LHOGHG OLJKW WUDQVPLWWDQFH GLVWULEXWLRQV WKDW ZHUH  
VLJQLILFDQWO\ VKLIWHG WR WKH ORZHU WUDQVPLWWDQFH FODVVHV LH OHIW VKLIWHG &') )LJ  
 7KLV HIIHFW ZDV YLVLEOH RQ WKH VLPXODWLRQ UHVXOWV RI DOO VWDQGV EXW ZDV OHVV  
SURQRXQFHG IRU )RQIUH\GH DQG 9HQWRX[& 7KH GUDPDWLF LQFUHDVH RI WKH $'  
PHDQ YDOXH WR 0 ZHOO LOOXVWUDWHG WKLV EHKDYLRU EXW PHDQ FRPSDULVRQ ZDV  
 RI  
VXIILFLHQW WR DVVHVV WKH LPSRUWDQFH RI WKH GLVFUHSDQFLHV  
  
Simulation with allometric mockups  
7KH XVH RI WKH allometric radius DQG allometric PRFNXSV \LHOGHG VLPLODU UHVXOWV DV  0 
LOOXVWUDWHG E\ FRPSDUDEOH PHDQV DQG YDULDQFHV DQG VLPLODU PHDQ $' YDOXHV 0 1 
DQG 0 UHVSHFWLYHO\ 7KH HIIHFW RI WKLV FKDQJH RI FURZQ VKDSH RQ WKH  
GLVWULEXWLRQV RI OLJKW WUDQVPLWWDQFH ZDV VLPLODU WR WKH simple mean HIIHFW ZLWK WKH  
DGGLWLRQ RI D VOLJKW VKLIW WRZDUG KLJKHU WUDQVPLWWDQFH FODVVHV LQGLFDWHG E\ ULJKW  
VKLIWHG &') )LJ  7KH SYDOXHV ZHUH VLJQLILFDQWO\ UHGXFHG H[FHSW IRU  
)RQIUH\GH1 )RQIUH\GH DQG 9HQWRX[ EXW RQO\ IRU )RQIUH\GH1 WKLV LQFUHDVH RI  
WKH SYDOXH ZDV DVVRFLDWHG ZLWK D GHFUHDVH RI $' 7DE  
  
Comparison between all simulations  
7KH $' UHVXOWV )LJ VKRZ WKDW WKH asymmetric PRFNXSV \LHOGHG WKH 0 
GLVWULEXWLRQV FORVHVW WR WKH PHDVXUHPHQW WKH simple mean DSSURDFK GHWHULRUDWHG 1 
VOLJKWO\ WKH UHVXOWV ZKHUHDV WKH simple max DSSURDFK KDG GUDPDWLF HIIHFW 8VLQJ  
allometric FURZQV \LHOGHG UHVXOWV LQ EHWZHHQ EXW FORVHU WR WKH simple mean RQHV  
7KHVH UHVXOWV FRQILUPHG WKH FODVVLILFDWLRQ WUHQG \LHOGHG E\ WKH WZRVDPSOH WWHVW  
DQDO\VLV WKDW VKRZHG QR VWDWLVWLFDOO\ VLJQLILFDQW GLIIHUHQFHV EHWZHHQ WKH  
PHDVXUHPHQWV DQG WKH asymmetric DQG simple mean DSSURDFKHV RQ RQH VLGH  
EHWZHHQ WKH WZR allometric DSSURDFKHV RQ WKH RWKHU VLGH DQG VKRZHG WKH  
VHJUHJDWLRQ RI WKH simple max RQH  




Statistical considering  
2XU VWXG\ RQ WKH LPSDFW RI WKH GHWHULRUDWLRQ RI WKH DFFXUDF\ RI FURZQ  
UHSUHVHQWDWLRQ RQ VLPXODWHG OLJKW WUDQVPLVVLRQ KLJKOLJKWHG VRPH VWDWLVWLFDO LVVXHV  
,Q VSDWLDOO\ H[SOLFLW WUDQVPLWWDQFH PRGHOV D VSDWLDOO\ SRLQW WR SRLQW FRPSDULVRQ  
DSSURDFK EHWZHHQ PHDVXUHG DQG PRGHOHG WUDQVPLWWDQFH JHQHUDOO\ VKRZV OLWWOH  
DJUHHPHQW EHFDXVH VPDOO HUURUV LQ FURZQ ORFDWLRQ RIWHQ FRPLQJ IURP HUURUV  
GXULQJ ILHOG PHDVXUHPHQWV \LHOGV ODUJH ORFDO GLIIHUHQFHV LQ WUDQVPLWWDQFH  
0DULVFDO et al. 00 SDUWLFXODUO\ ZKHQ WKH SURSRUWLRQ RI GLUHFW UDGLDWLRQ LV  
LPSRUWDQW *URRW et al. 00 +RZHYHU RQO\ FRQVLGHULQJ D PHDQ DQG YDULDWLRQ 0 
DURXQG WKLV PHDQ HJ 6' FRXOG OHDG WR VRPH HUURUV HJ XQGHUHVWLPDWLRQ RI DUHD 1 
IXOO\ OLJKWHG GXH WR GLVWULEXWLRQ QRQ FHQWHUHG RQ PHDQ ZLWK VRPHWLPHV D ORQJ WDLO  
RU VHYHUDO PRGHV 7R DYRLG WKLV SUREOHP ZH FRPSDUHG WKH VLPXODWHG GLVWULEXWLRQ  
RI OLJKW WUDQVPLWWDQFH WR WKH PHDVXUHG RQHV XVLQJ WZR GLIIHUHQW QRQ SDUDPHWULF  
GHVFULSWRUV WKH .6 WHVW DQG WKH $' LQGH[   
$OWKRXJK FRPPRQO\ XVHG DQG PDWKHPDWLFDOO\ ZHOOIRXQGHG WKH .6 WHVW VKRZHG  
VRPH OLPLWDWLRQV ZKHQ DSSOLHG WR SHFXOLDU GLVWULEXWLRQV DV WKH RQH IURP  
)RQIUH\GH1 7KH SUREOHP VWHPV GLUHFWO\ IURP WKH WHVW GHILQLWLRQ ZKHUH WKH  
DFFRUGDQFH EHWZHHQ WZR GLVWULEXWLRQV LV EDVHG RQ WKH PD[LPXP GLVWDQFH EHWZHHQ  
WKH &')V :KHQ WKH GLVWULEXWLRQ VKRZV YHU\ ORZ GLVSHUVLRQ D VPDOO GLIIHUHQFH LQ 0 
 RI  
GLVWULEXWLRQ FDQ \LHOG D ELJ PD[LPXP GLVWDQFH EHWZHHQ &')V DQG WKHUHIRUH D 1 
UHMHFWLRQ RI WKH QXOOK\SRWKHVLV IURP .6 WHVW 2Q WKH FRQWUDU\ WKH $' LQGH[ WKDW  
PHDVXUHV WKH FKDQJHV UHTXLUHG WR WUDQVIRUP RQH GLVWULEXWLRQ LQWR WKH RWKHU LV  
UREXVW LQ UHJDUG RI WKH GLVWULEXWLRQ GLVSHUVLRQ (YHQ WKRXJK $' LV YHU\ ZHOO VXLWHG  
WR TXDQWLI\ WKH GLIIHUHQFH EHWZHHQ GLVWULEXWLRQV RU WR FODVVLI\ UHVXOWV WKH $' YDOXH  
LV QRW DVVRFLDWHG ZLWK DQ\ FRQILGHQFH LQGH[ +HQFH LW LV XS WR WKH XVHU WR GHILQH WKH  
WKUHVKROG XQGHU ZKLFK GLVWULEXWLRQV ZLOO EH FRQVLGHUHG VLPLODU &RQVHTXHQWO\  
FRPELQLQJ WKH XVH RI WKH .6 WHVW DQG WKH $' LQGH[ DOORZHG XV WR DFFXUDWHO\  
FRPSDUH DQG DVVHVV WKH GLIIHUHQFHV EHWZHHQ VLPXODWHG DQG PHDVXUHG OLJKW  
GLVWULEXWLRQV 0 
 1 
Model evaluation  
7KH JRDO RI WKH SUHVHQW VWXG\ ZDV QRW WR YDOLGDWH stricto sensus WKH PRGHO  
0µ6/,0 6XFK DQ HYDOXDWLRQ ZRXOG UHTXLUH DQ LQGHSHQGHQW GDWD VHW RI OLJKW DQG  
WUHH PHDVXUHPHQWV 2XU REMHFWLYH ZDV WR HYDOXDWH WKH TXDOLW\ RI OLJKW SUHGLFWLRQV  
ZLWK LQFUHDVLQJ GHWHULRUDWLRQ RI WKH FURZQ GHVFULSWLRQ +RZHYHU WKH FRPSDULVRQ  
RI OLJKW PHDVXUHPHQWV ZLWK  VHQVRUV UHJXODUO\ GLVWULEXWHG RQ D VTXDUH JULG LQ  
WKH SORW DQG WKH VLPXODWLRQ ZLWK IXOO DV\PPHWULF FURZQ GHVFULSWLRQ LH FURZQ  
UDGLXV H[WHQVLRQ LQ  WR  GLUHFWLRQV  FURZQ KHLJKW DQG OHQJWK VKRZHG WKH JRRG  
TXDOLW\ RI VLPXODWHG OLJKW GLVWULEXWLRQ .6 SYDOXH ! 010 RU $' 0 5HVXOWV 00 
DUH LQ WKH UDQJH RI PRGHOV XVLQJ VLPLODU VFDOHV RI GHVFULSWLRQ HJ %UXQQHU 1 01 
&HVFDWWL 1 *HUVRQGH et al. 00 *URRW 00 0DULVFDO et al. 00 6WDGW DQG 0 
 RI  
/LHIIHUV 000 0 
$V SRLQWHG RXW E\ 1RUPDQ DQG :HOOHV 1 WKH FRPSXWDWLRQ RI EHDP SDWK 0 
OHQJWKV LV D FUXFLDO SURFHGXUH 'XH WR WKH PXOWLVFDOH GHVLJQ RI 0µ6/,0 LQ 0 
DGGLWLRQ WR WKH SRVVLELOLW\ RI XVLQJ DQ\ W\SH RI HQYHORSH DQ DQDO\WLFDO UHVROXWLRQ 0 
DV SURSRVHG E\ 1RUPDQ DQG :HOOHV 1 RU &HVFDWWL 1 ZDV QRW DQ RSWLRQ 0 
7KLV WDVN ZDV LQVWHDG SHUIRUPHG E\ UD\ WUDFLQJ DOJRULWKPV WKDW GHWHUPLQH DQG 0 
DQDO\VH WKH SDWK RI HDFK FDVW UD\ DPRQJ WKH FDQRS\ FURZQ VKDSHV :DQJ DQG 0 
-DUYLV 10 :LWK WKH HYHU LQFUHDVLQJ FRPSXWDWLRQDO SRZHU RI JUDSKLF FDUGV 10 
DYDLODEOH WR KLJK OHYHO RSHUDWLRQV WKLV IRUPHUO\ WLPH FRQVXPLQJ SURFHGXUH FDQ 11 
QRZ EH H[HFXWHG IRU PDQ\ GLUHFWLRQ ZLWKRXW LPSDLULQJ WKH PRGHO SHUIRUPDQFHV 1 
 1 
7R DYRLG WKH SUREOHP RI ORZ HOHYDWLRQ DQJOHV  LH LQWHUFHSWLRQ RI OLJKW E\ YHU\ IDU 1 
HOHPHQWV FORVH WR WKH KRUL]RQ LQ WKH ILHOG ZKHUHDV QRW UHSUHVHQWHG LQ WKH PRGHO 1 
ZH KDG WR FRPH XS ZLWK DQ DOWHUQDWLYH WR WKH FODVVLFDO VROXWLRQ RI FDQRS\ 1 
GXSOLFDWLRQ RU SURMHFWLRQ RQ WRUXV 7KHVH DSSURDFKHV DUH EDVHG RQ WKH VWURQJ 1 
DVVXPSWLRQ RI FDQRS\ KRPRJHQHLW\  XVLQJ WKHP ZLWK RXU VWURQJO\ KHWHURJHQHRXV 1 
VWDQGV ZRXOG LQWURGXFH D QRQ FRQWUROOHG DSSUR[LPDWLRQ WKDW ZRXOG LQ WXUQ LQGXFH 1 
ELDV LQ WKH UHVXOWV LQWHUSUHWDWLRQ ,QVWHDG ZH FKRVH WR HVWLPDWH WKH UDGLDWLYH 0 
SDUDPHWHUV RI WKH VXUURXQGLQJ HQYLURQPHQW XVLQJ DQ LQYHUVH PRGHOLQJ DSSURDFK 1 
WKURXJK WKH DGGLWLRQ RI DQ RSDTXH ZDOO 7KH ZDOO RSDFLW\ ZDV FDOLEUDWHG XVLQJ  
)RQIUH\GH VWDQGV GDWD ZLWK IXOO DV\PPHWULF FURZQ GHVFULSWLRQ 7KH YDOXH ZDV WKHQ  
XVHG DV D SDUDPHWHU WR UXQ WKH VLPXODWLRQV IRU WKH VWDQGV IURP WKH WZR RWKHU  
 RI  
LQGHSHQGHQW VLWHV DW WKH VDPH OHYHO RI FURZQ GHVFULSWLRQ )LQDOO\ WKH PRGHO  
SUHGLFWLRQV ZHUH FRPSDUHG WR WKH ILHOG OLJKW PHDVXUHPHQWV 7KH UHVXOWV VXJJHVW  
WKDW WKH FRHIILFLHQW RI WUDQVPLVVLRQ RI WKH ZDOO SURSHUO\ UHSUHVHQWHG WKH UDGLDWLYH  
SURSHUWLHV RI WKH HQYLURQPHQW DW OHDVW IRU ORZ HOHYDWLRQ DQJOHV 0RUHRYHU  
FRQVLGHULQJ RXU REMHFWLYH WKH RSDTXH ZDOO DSSURDFK SURYLGHG D VLPSOH VROXWLRQ  
VDYLQJ VLJQLILFDQW FRPSXWDWLRQDO WLPH RWKHUZLVH UHTXLUHG E\ WKH FDQRS\ 0 
GXSOLFDWLRQ 7KLV DSSURDFK VHHPV WKXV SURPLVLQJ DQG VLPSOH WR VHWXS EXW ZRXOG 1 
EHQHILW IURP PRUH FRPSOHWH VHQVLWLYLW\ DQDO\VLV LQ SDUWLFXODU RQ ZDOO VL]H RU  
SRVLWLRQ  
2QH LQWHUHVW RI RXU PRGHO LV WKDW FURZQ SRURVLW\ LV VLPSO\ HVWLPDWHG E\ D YHUWLFDO  
SKRWRJUDSK RI WUHH FURZQ H[WHQVLRQ RI WKH PHWKRG RI &DQKDP et al. 1 DQG  
VHHPV WR VXSSRUW DFFXUDWH UHVXOWV LQ OLJKW GLVWULEXWLRQ KRZHYHU WKH H[WHQW WR ZKLFK  
WKLV SDUDPHWHU LQIOXHQFHG WKH UHVXOWV QHHGV WR EH PRUH DGHTXDWHO\ VWXGLHG $V  
SRLQWHG RXW E\ 6WDGW DQG /LHIIHUV 000 GHWHUPLQDWLRQ RI OHDI DQG VKDGLQJ  
HOHPHQWV EUDQFK WUXQN LV RIWHQ FULWLFDO LQ OLJKW WUDQVPLVVLRQ PRGHOLQJ   
 0 
Effects of crown description deterioration 1 
2XU UHVXOWV FRUURERUDWH WKDW GLIIHUHQFHV LQ FURZQ VKDSH DQG VL]H LV D NH\  
GHWHUPLQDQW RI OLJKW WUDQVPLWWDQFH DV VWDWHG E\ 9LHLOOHGHQW et al. 010 0RUHRYHU  
WKLV VWXG\ FRQILUPHG WKH LPSRUWDQFH RI FURZQ VKDSH ZKHQ VLPXODWLQJ VSDWLDOL]HG  
OLJKW WUDQVPLWWDQFH DQG HQGRUVH WKH VHQVLWLYLW\ WR YDULDWLRQV LQ WKH FURZQ JHRPHWU\  
SDUDPHWHUV HVSHFLDOO\ WKH FURZQ UDGLXV SDUDPHWHU DV DOUHDG\ UHSRUWHG %HDXGHW et  
 RI  
al. 00 %UXQQHU 1 &HVFDWWL 1 +RZHYHU D FURZQ PHDQ UDGLXV ZLWK  
FURZQ KHLJKW DQG VSDWLDOL]DWLRQ VHHP WR EH D JRRG DOWHUQDWH &RXUEDXG et al. 00  
WR GHWDLOHG PHDVXUHV LH PHDVXUHPHQW RI FURZQ H[WHQVLRQ LQ  WR  GLUHFWLRQV  
HYHQ WKRXJK VLPSOH VKDSH OLNH VSKHUHV DQG FRQHV DUH NQRZQ WR EH LQDGHTXDWH 0 
0DULVFDO et al. 00 2WKHU VKDSHV VKRXOG EH WHVWHG PRUH LQ UHODWLRQ ZLWK WUHH 1 
VSHFLHV DUFKLWHFWXUH 6LPSOLI\LQJ WKH FURZQ UHSUHVHQWDWLRQ LQ WKH W5$<FL PRGHO WR  
DYHUDJH YDOXHV IRU VSHFLHV DQG FDQRS\ VWUDWD UHVXOWHG LQ OLWWOH UHGXFWLRQ LQ WKH  
PRGHO SHUIRUPDQFH *HUVRQGH et al. 00 'HVFULELQJ WUHH FURZQ H[WHQVLRQ ZLWK  
 WR  UDGLXV LV W\SLFDOO\ QRQ IHDVLEOH LQ SUDFWLFH LQ PDQDJHPHQW RU LQYHQWRU\  
RSHUDWLRQV ZKHUHDV DVVHVVLQJ PHDQ FURZQ GLDPHWHU PD\ EH DFFHSWDEOH LQ VRPH  
FDVHV 7KHUHIRUH DQ DSSURDFK WKDW VWDUWV ZLWK VLPSOH VKDSHV WKDW FDQ ODWHU EH  
GHIRUPHG XVLQJ DQ RSWLPL]DWLRQ SURFHVV %RXGRQ DQG /H 0RJXHGHF 00 3LERXOH  
et al. 00 VKRXOG EH FRQVLGHUHG LQ IXUWKHU VWXGLHV ,QGHHG SUHYLRXV VWXGLHV  
VKRZHG WKH LPSRUWDQFH RI FURZQ DV\PPHWULF SODVWLFLW\ LQ UHVSRQVH WR ORFDO OLJKW 0 
DYDLODELOLW\ DQG VSDFH DPRQJ RWKHU IDFWRUV 9LHLOOHGHQW et al. 010 DQG UHIHUHQFHV 1 
LQ LW  
  
+RZHYHU XVLQJ DQ Allometric DSSURDFK ZRXOG EH PRUH FRPIRUWDEOH 7KH SUREOHP  
LV WKDW WKH XVH RI UHODWLRQVKLSV EHWZHHQ WUHH '%+ DQG FURZQ GLDPHWHU RU FURZQ  
KHLJKW RIWHQ GHFUHDVHG WUDQVPLWWDQFH GLVWULEXWLRQ SUHGLFWLRQ ZKHUHDV QRW IRU DOO  
VWDQGV :LWK WKH DOORPHWULF DSSURDFK WKH PRGHO JHQHUDWHG VPDOOHU FURZQ WKDQ  
simple mean WKXV VDPH HIIHFW ZLWK VKLIW WR KLJKHU WUDQVPLWWDQFH :H RQO\ WHVWHG  
 RI  
OLQHDU UHODWLRQVKLSV DQG QRQOLQHDU IXQFWLRQV FRXOG KDYH OHG WR VOLJKWO\ EHWWHU  
UHVXOWV %HDXGHW et al. 00  KRZHYHU PDQ\ DXWKRUV SRLQWHG RXW WKDW WKH 0 
SUHGLFWLYH IXQFWLRQV IRU FURZQ UDGLXV IURP HJ '%+ KDV SURYHG HOXVLYH 6WDGW et 1 
al. 000 DV WKH\ DUH RIWHQ KLJKO\ DIIHFWHG E\ XQFRQWUROOHG IDFWRUV VXFK DV FOLPDWH  
KD]DUGV VWDQG GHQVLW\ RU WKLQQLQJ RSHUDWLRQV DV SUREDEO\ UHIOHFWHG LQ WKH  
)RQWIUH\GH
V SORWV 7KHUH LV RIWHQ D KLJK YDULDELOLW\ LQ WUHH DOORPHWU\ IURP DQ  
LQGLYLGXDO WR DQRWKHU 9LHLOOHGHQW et al. 010 $FWXDOO\ WKH 5ð RI WKH UHODWLRQVKLSV  
OLQNLQJ FURZQ GLDPHWHU WR WUXQN GLDPHWHU LQ WKDW VWXG\ DUH QRW H[FHOOHQW EXW LQ WKH  
UDQJH RI WKRVH FRPPRQO\ IRXQG LQ RWKHU VWXGLHV HJ DERXW 0 LQ 3LQQR et al.  
001 RU 3XNNDOD et al. 1  
  
Effects of the stand complexity 0 
+LJK OLJKW YDULDELOLW\ LV JHQHUDOO\ UHFRUGHG LQ IRUHVWV GXH WR WHPSRUDO YDULDWLRQV RI 1 
WKH VXQ SDWK DQG KHWHURJHQHRXV VSDWLDO DUUDQJHPHQW RI OLJKW LQWHUFHSWLQJ HOHPHQWV  
LQ LUUHJXODU DQGRU PL[HG VWDQGV &RXUEDXG et al. 00 3XNNDOD et al. 1 ,Q  
VWDQGV ZLWK D FOXPSHG VWUXFWXUH LH WUHH FOXPSV DOWHUQDWLQJ ZLWK ODUJH JDSV RQO\  
DQ DSSURDFK DW WUHH VFDOH ZLWK VSDWLDOL]DWLRQ FDQ FRUUHFWO\ SUHGLFW WUDQVPLWWDQFH  
ZKHUHDV LQ GHQVH VWDQGV D %HHU/DPEHUW ODZ FDQ EH DSSOLHG DW WKH VWDQG FDQRS\  
VFDOH %DODQGLHU HW DO 010 ,W LV KRZHYHU LPSRUWDQW WR QRWH WKDW LQ GHQVH VWDQGV  
LPSRUWDQFH RI VPDOO JDSV ZLWKLQ WUHH FURZQV GXH WR GLIIHUHQW FDXVHV GLVHDVHV  
EURNHQ EUDQFKHV QRW WDNHQ LQWR DFFRXQW LQ WKH VLPXODWLRQ FDQ OHDG WR QRWLFHDEOH  
GLIIHUHQFHV DV VXFK RI )RQWIUH\GH 1 )LJ %HDXGHW et al. 00 /RZ GHQVLW\ 0 
 RI  
VWDQGV )RQIUH\GH DQG 9HQWRX[& DUH OHVV DIIHFWHG E\ WKH simple max approach 1 
SUREDEO\ EHFDXVH WKH FURZQ ³LQFUHDVH´ LV QRW HQRXJK WR ILOO WKH 
ELJ
 JDSV LQ WKH  
FDQRS\ 3UREOHPV RI FURZQ RYHUODSV LQ IDFW YHU\ GLIILFXOW WR TXDQWLI\ LQ WKH ILHOG  
DUH DOVR SUREDEO\ OHVV FULWLFDO WKDQ LQ GHQVH VWDQGV  
$V DOUHDG\ SRLQWHG RXW E\ &RXUEDXG et al. 00 RU %DODQGLHU et al. 010 WKH  
SUREOHP LV WKDW LW LV YHU\ GLIILFXOW WR JHQHUDOL]H UHVXOWV UHFRUGHG RQ D VLWH IRU D  
SDUWLFXODU VWDQG VWUXFWXUH WR RWKHU VLWHV RU VWDQGV ZLWK RWKHU VSHFLHV RU VWUXFWXUHV  
7KLV DUJXHV LQ IDYRU RI VWXG\LQJ WKH HIIHFW RI VWDQG VWUXFWXUH LQ LQWHUDFWLRQ ZLWK WKH  
VFDOH RI VWDQG GHVFULSWLRQ WKLV FRXOG EH GRQH IRU LQVWDQFH E\ WKH XVH RI SRLQW  
SURFHVV DQDO\VLV 00 
 01 
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Table 1: Plot description. Each plot was approximately 50m [ 50m 
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Table 2: Allometric relation between DBH and  crown mean radius and height. Linear models of the form 
a*DBH + b were used for both mean radius and height 
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 Table 3 Simulation results for the different mockups reconstruction. The p-value of the K-S test and the absolute discrepancy index (AD) 
were obtained with the measured light values as reference. Means with the same letter indicate that the difference between the means are not 
statistically significant at =10% for an independent two-sample t-test. 
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Figure 1: a. Experimental Unit. b. Field data: each dot locates a tree (its trunk), and 
each arrow defines a specific azimuth and distance from the trunk, characterizing 
the crown extend. c. Zoom in on the interest zone where light measurements where 
conducted. 





Figure 2: 3D reconstruction of the Lorris255 experimental unit using the 
asymmetric crowns, side view(a) and top view(b), and using the crowns from the  
allometric radius approach, side view(c) and top view(d) .Colors are used to 
visually differentiate between tree species: dark green for pine (Pinus sylvestris L.), 
green for oak (Quercus petraea L.), orange for birch (Betula L.), and brown for 
hornbeam (Carpinus betulus L.) 
 RI  
  
 RI  
  
  
Figure 3: Cumulative Distribution Function (CDF) of light transmittance for each 
stand and for every mockup type. Note that for legibility purpose the x-axis scale 
was adapted for each stand. 
Figure 4: The points represent  the mean of AD calculated for each type of mockup 
over all stands, the bars being the standard deviation. Same letter above the bars 
indicate that the difference between the means are not statistically significant at 
=10% for an independent two-sample t-test. 
